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CHAPTER 1: INTRODUCTION 
 
  
Anterior cruciate ligament (ACL) injury can cause both acute as well as long-term 
disability.  Injury to the ACL has lifelong consequences and higher risk of the development of 
osteoarthritis.  After undergoing an ACL reconstruction (ACLR) an individual has a 1 in 3 
chance of developing osteoarthritis (OA) within the first decade after reconstruction, and a 1 in 2 
chance of developing OA in the second decade.28 There are changes to gait biomechanics that 
contribute to abnormal knee loading due to the decreased knee flexion angles, which contribute 
to the development of OA in ACLR individuals.17 Along with an increased risk of OA, 
individuals with ACLR have long-term disabilities that may or may not lead to the development 
of OA.  Individuals with ACLR have decreased quadriceps strength, altered gait patterns, and 
structural changes to their joint.Error! Reference source not found. The decrease in quadriceps strength and 
power are contributing factors to long-term disabilities following ACL reconstruction and altered 
gait patterns decrease the overall function of the joint; along with.  There is evidence to suggest 
that altered biomechanics and joint loading patterns may contribute to a decrease in habitual 
walking speeds.35  
Walking speed is also an important indicator of knee joint health, as well as overall 
health.  Slower walking speeds have been associated with poorer results on psychomotor test, 
verbal fluency tests, and decreased cardiovascular health.33 Walking speed has been used as a 
measure to predict survival rates in an elderly community.32 Walking speed is a good measure of 
energy, motor control, endurance, muscle function, and health status.10 Walking speed is also 
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associated with functional limitations and structural breakdown, which are associated with many 
diseases.  Slower habitual walking speeds are associated with increased joint loading during the 
stance phase of the gait cycle, which has been correlated with increased cartilage breakdown. 35 
The cartilage breakdown has been found to be an early indicator of the onset of knee OA.   Slow 
walkers (≤ 1 m/s) without OA were 1.8 times more likely to develop radiographic signs of OA 
compared to fast walkers.45 By the time that OA progresses to a level that is considered severe, 
walking speed diminished to less than 1 m/s and almost 0.4 m/s slower than asymptomatic 
individuals.Error! Reference source not found. Data on walking speed was collected in over 1,800 adults 
45+ years old and an inverse relationship was found between walking speed and prevalence of 
knee OA.43 Additionally, a link between slower habitual walking speeds and greater collagen 
breakdown after an ACL reconstruction has recently been reported.35 The breakdown of collagen 
in the knee is one link to the progression of OA.  If this collagen breakdown is associated with 
slower walking speeds, slower walking speeds may be a predictor of the progression and onset of 
OA.             
 Currently no research has been conducted comparing the habitual walking speeds of 
individuals with ACLR and healthy individuals.  Previous research has found a link between 
slower walking speeds in individuals with ACLR and increased collagen breakdown.35 This 
research, however, does not compare the walking speeds of the individuals with an ACLR to a 
health control group.  By comparing the healthy control group with the group
of individuals with ACLR, it can be determined if individuals with an ACLR have a slower 
habitual walking speed than the healthy population 12-months post reconstruction.  It is also 
unknown if walking speed relates to self-reported function.  Obtaining individuals with an 
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ACLR’s IKDC scores and walking speed will allow for the analysis of the relationship between 
these two data sets.   
 Since walking speed is one indicator of the onset and progression of OA, it would be 
important to know if individuals with ACLR have a slower habitual walking speed than the 
healthy population.  One-third of individuals with ACLR develop knee OA within the first 
decade after reconstruction, meaning that walking speed may have significant clinical 
implications in the population of individuals with ACLR.  Having the ability to differentiate 
between walking speeds of healthy individuals and individuals with ACLR may be used 
clinically to distinguish individuals with greater risk of post-traumatic OA development. The 
purpose of this study is to determine the difference in self-selected walking speed measured in a 
3D biomechanics laboratory between healthy individuals and ACLR participant 12 months 
following ACLR.  A secondary aim is to identify the association between walking speed and 
self-reported function.  Therefore, we hypothesize that individuals with ACLR who have slower 
walking speeds will report a low self-reported function.  We also hypothesize that individuals 
with ACLR will demonstrate slower habitual walking speeds compared to a healthy control 
group.   	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CHAPTER 2: LITERATURE REVIEW 
 
Epidemiology of Anterior Cruciate Ligament Injury 
Anterior cruciate ligament (ACL) injury is one of the most commonly studied lower 
extremity injuries in the field of orthopedics.  The ACL has been reported as the most common 
ligamentous injury in the knee.Error! Reference source not found.  It is commonly reported that there are 
around 200,000 ACL injuries per year in the United States.Error! Reference source not found. It was found 
that in 1994 the number of ACL reconstruction procedures was 86,837 in the United States.Error! 
Reference source not found.  The number of ACL surgeries increased in 2006 to 129,836 ACLR 
procedures.  This number corresponds to a rate of 43.48 people per 100,000 people undergo 
ACLR per year.30 The overall incident rate of ACLR per year has been reported between as low 
as 65,000 and as high as 175,000 per year. It was also found that in 2006, 60.0% of ambulatory 
ACLRs were performed on males.  This number has decreased from 69.8% in 1994.  The 
number of inpatient ACLRs has also decreased ACLR on males from 71.1% in 1990 to 52.7% in 
2007.26  
In a systematic review by Moses et al,33 51 different populations of people were analyzed 
to try to get a clearer look at the number of ACL injuries and surgeries per year.  The annual 
incidence rate for professional athletes ranged from 0.15%-3.67% and the annual incidence rate 
for the normal population had a median of 0.03%.  These numbers also varied on the different 
countries that were evaluated.  The incidence rate per year in the United States is comparable to 
that of New Zealand, but much higher than the incidence rate in the United Kingdom.  The most 
obvious reason for the differences in national incidence rates is due to the type of sports that are 
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played in these countries.  When comparing females to males in the same sport, females have a 
higher incidence rate of ACL injury than males.  This is true for sport exposure but in the overall 
population females have a lower incidence rate than males.  Individuals that wish to return to 
sport after an ACL injury will have to undergo reconstruction to get back to a level of 
competitive play.  Even with ACLR there are risks and consequences that are associated with the 
initial injury. 
 
Risk Factors for an ACL Injury 
 
 After an ACL injury, there are temporary and permanent consequences that the individual 
has to face.  In a review of the Hunt Valley II meeting in 2005 several risk factors were identified 
with being associated with non-contact ACL injury.  There are intrinsic (things from within the 
body) and extrinsic (things outside the body) factors that have an effect on the risk of a non-
contact ACL injury.  The footwear that a person wears can have both extrinsic and intrinsic 
factors that can contribute to ACL injury.  These factors are due to the shoe-surface interaction 
and the compensations that the person wearing the shoe makes.  Other environmental factors, 
such as knee braces, have yet to have enough evidence to suggest they have an effect on ACL 
injury.  Some anatomical factors that have been associated with being a risk factor of a non-
contact ACL injury are the quadriceps femoris angle, the degree of knee valgus, foot pronation, 
body mass index, and ACL geometry. 26 It was seen in a study, which followed 205
female adolescent soccer, basketball, and volleyball players for 13 months, that, out of the 205 
subjects, 9 injured their ACL during this time period.  At the beginning of the study a jump-
landing test was performed to look at knee abduction and flexion angle.  It was observed that the 
9 injured individuals had an 8.4° greater knee abduction angle at initial contact than the non-
injured knees.  It was also founded that the injured knees had 10.5° less knee flexion at the 
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landing phase than the non-injured knees.  It has been demonstrated that the knee valgus has a 
correlation with the risk of ACL strain.17 
 Another anatomical factor that has been evaluated post ACL injury is foot pronation.  In 
two different studies by Woodford-Rogers et al46 and Allen and Glasoe1 a small sample of ACL 
injured athletes was compared to a similar sample of healthy control subjects.  It was observed 
that the ACL injured individuals had a great navicular drop, which suggests a greater subtabular 
pronation and can contribute to a greater association with ACL injury.  It has also been suggested 
by multiple studies that examined the size of the ACL and notch width that females have a 
smaller ACL and that there may not be correlation between ACL injury and a smaller notch size.  
Body mass index has also been inspected in different studies as a risk factor for ACL injury.  
Increased body mass index has been shown to be a predictive factor in future ACL injury in 
females.38 There have also been several neuromuscular factors that have been associated as risk 
factors with ACL injury.  These factors include higher quadriceps activation during controlled 
laboratory studies, and muscle stiffness.14 The changes to muscular activation, biomechanics and 
structural support of the knee can cause temporary and permanent disability of the knee joint.             
 
Effects of an ACL Injury 
 
 After an ACL rupture the individual may be asymptomatic but most people have pain and 
swelling associated with the injured knee.44 The patient has the option to leave the ACL 
untreated, which can lead to further cartilage damage or damage to the meniscus, or they can 
have surgery to reconstruct the ACL using different types of grafts.24 Emami et al9 evaluated 
knee flexion strength, in the hamstring muscles, at varying degrees of flexion in the uninjured 
and injured knee pre-operation and then 2, 4, 6, and 12 months post-operation.  The graft that 
was used for all 30 of these patients was a hamstring tendon graft.  It was found that the knee 
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strength during flexion of the hamstring muscle was decreased in the operated knee one year 
after the procedure.  It was also observed that this decrease in strength was greater at higher 
angles of knee flexion and that the non-operated knee did not demonstrate any significant 
difference in the knee flexion strength at any point post-operation.  Another study investigated 
the quadriceps femoris strength in young athletes at return to sport post-ACLR.  The subjects 
were broken up into high and low quadriceps strength and were compared to a healthy control 
group.  It was observed that both the high and low quadriceps strength groups demonstrated 
greater limb asymmetry during landing than the healthy control group.  It was observed that the 
high and low quadriceps groups had greater trunk flexion, decreased knee flexion excursion, and 
decreased knee extension moments in the ACLR limb than the healthy group.  All of these 
findings were strongly associated with a single-leg drop-landing movement.20  
 In a meta-analysis of knee kinematics and joint moments during gait after an ACLR data 
was collected from 34 articles that met the selection criteria.  It was found that there was 
moderate evidence to suggest that individuals had a smaller peak knee flexion angle and smaller 
knee extension moments in the ACLR knee than the contralateral knee.  It was discovered that 
most biomechanical deficits in the ACLR knee occur in the sagittal plane starting 6 months post 
reconstruction.  The researchers also contribute the higher knee flexion angles observed during 
gait <6 months after reconstruction to the pain and swelling in the patellofemoral joint.  
Increased knee flexion is of clinical concern in the early stages post-reconstruction due to the 
degradation of the joint, which contributes to the increase in changes that can cause OA.17  The 
increased pain and swelling is one of the many factors that contribute to the rapid onset of post-
traumatic OA in individuals with an ACL reconstruction. 
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In a study by Kline et al22 the rate of torque development and knee extensor moment was 
evaluated in individuals with a patellar tendon graft reconstructed ACL.  It was found that the 
reconstructed knee had a lower rate of torque development in the quadriceps muscle than the 
non-reconstructed limb.  It was also found that the onset and rate of the knee extensor moment in 
the ACL reconstructed knee were slower than the healthy knee.  The delayed onset and 
decreased rate of knee extensor moment has been linked to be a contributing factor to the 
development and early onset of post-traumatic OA in the reconstructed knee.    
 In a systematic review that evaluated the prevalence of OA following ACL reconstruction 
in 38 different studies found that an estimated 12% of the United States population that has knee 
OA.28 The prevalence of post-traumatic OA in the ACL injured population can be anywhere 
from 60% to 90%.31  In the sample that was evaluated in the systematic review OA was present 
in 44% of patients that underwent an ACL reconstruction and was present in 37% of the ACL 
deficient patients.  It was also discovered that individuals that had an ACL reconstruction were 
1.73 times more likely to develop OA than the ACL deficient population.  However, people who 
had a meniscectomy and an ACL reconstruction decreased their rate of knee OA by 7% 
compared to people who had a meniscectomy and were ACL deficient. Frobell et al11 reported 
that patients that received a patellar tendon graft had an increase in patellofemoral OA compared 
to patients who received a hamstrings tendon graft.  This finding suggests that the graft type that 
is used can play an important role in the development of OA in individuals with an ACLR.  
There is not a particular known factor that causes OA in joints but there are many contributing 
factors.      
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Pathomechanics of Post-traumatic Osteoarthritis 
       
 Osteoarthritis is a disease that occurs in many individuals and has been associated with 
age and the degradation of a joint.  However, there is a wide range of factors that contribute to 
the development of OA in each individual.  These factors range from biomechanical to 
biochemical factors and can be a combination of the two.  One factor that has not been 
determined to cause OA but is a factor that can influence the disease progression is synovial 
inflammation, which is associated with biological markers that, when present at high levels, are 
indicative of synovitis.  It has also been discovered that the excessive production of cytokines by 
the inflamed synovium play and important role in the progression of OA.34 Osteoarthritis has also 
been associated with ACL injury.  There is a lot of research about the relationship of an ACLR 
and the risk of OA.  There could be underlying factors during the initial injury of the ACL, such 
as damage to the subchondral bone or the meniscus that can influence the onset of OA.16 Other 
factors that cause OA are chondrocyte death, thickening and/or neovascularization of the 
subchondral bone, fibrosis of the joint capsule, and atrophy and/or fat infiltration of the 
surrounding muscles.29  
 In a review of OA by Chu et al,Error! Reference source not found. the researchers take a different 
approach to looking at the onset and progression of the disease.  According to Chu’s analysis 
there are three factors that play into the disease progression; biology, mechanics, and structure.  
The progression and development of OA is not attested to just one of these factors but rather a 
combination of multiple factors.  These three factors are said to have an envelope that they 
function within in order to maintain healthy joint homeostasis.  When these factors move out of 
the envelope that the risk of development of OA increases.  After an ACL injury there are many 
disruptions to the normal joint biology, mechanics, and structure.  These changes are also seen 
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after a reconstruction of the ligament.  There are many studies28 that demonstrate that about one-
third of individuals with an ACLR develop OA one decade after injury and that risk increases to 
one-half about two decades later.  After the initial tear of the ligament there is an inflammatory 
response, which, in most individuals, resolves on its own.44  However, the mechanics in gait are 
a major factor that changes in individuals after an ACL tear and after reconstruction of the 
ligament.  The main changes in gait that are seen are the external rotation of the tibia during 
stance phase and increased knee flexion at heel strike.Error! Reference source not found.  One contribution 
to this change is the location of the new graft not being in the anatomically correct position.  The 
ACL can never be surgically placed in the same biological position or be made of the same 
material as the old ACL.   The ACL not being in the correct biologically position can lead to 
external rotation of the tibia during stance phase and increased flexion with heal strike.24  It has 
also been found with the use of T1RHO and MRI imaging that there are acute structural changes to 
the articular cartilage after an ACL injury.Error! Reference source not found.  The minor structural 
changes, with the biological impacts of inflammation, and the major changes to the joint 
kinematics all are contributing factors to the progression of OA in individuals with an ACLR. 
One factor that changes over the course of the disease progression is a change to the individuals 
walking speed.21    
Walking Speed as a Health Marker 
 
  Walking speed has been deemed the “6th vital sign,” due to its ability to predict future and 
present health status, hospitalization, and potential response to rehabilitation.10,32 Walking speed 
is used as a reliable, accurate, and measurable tool in hospital, rehabilitation, and everyday life 
settings.  Blood pressure and walking speed are predictive indicators of future events and 
physiological changes to the body.10 In a study conducted by Soumare et al40, 4,931 participants 
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were tested for cognitive ability and motor function, taken in the form of walking speed.  The 
participants started the study at age of 85 or younger and were tested every 2 years following 
their original session.  It was seen that poor results on the psychomotor tests and verbal fluency 
test were associated with slower walking speeds.40  
  Another study evaluated gait speed in 9 different cohorts of the elderly to assess the 
association between walking speed and survival.  Walking speed is a good measure to predict 
survival due to its use of energy, motor control, and multiple organ systems through out the 
body.42  Health status, motor control, mental cognition, cardiovascular health, endurance, 
habitual physical activity, and musculoskeletal condition are all variables that contribute to 
individuals self-selected walking speed.10 In a study by Hardy et al15, walking speed was 
assessed along with physical health status of 439 participants with a mean age of 74.  They were 
assessed at baseline, 3, 6, 9, and 12 months for 6 different measures.  It was demonstrated that 
the individuals that had improvement in their walking speed over a year period of time had a 
17.7% absolute reduction in risk of death over the subsequent 8 years.  Furthermore, walking 
speed is something that can be improved and potentially indicate their overall quality of life, 
physical function, and decrease their medical interventions.18  As stated above, OA is one of 
many impairments that can alter an individuals walking speed. 
OA and Walking Speed 
 
  Osteoarthritis is a disease that affects around 10% of men and 13% of women over the 
age of 60.48  In a study by Kaufman et al21, the gait patterns of individuals with grade II knee OA 
was evaluated and compared to healthy subjects gait patterns.  There are many functional tasks 
that are severely diminished with OA and can lead people to lose their daily independence.  In 
this study it was seen that the individuals with OA walked significantly slower than the healthy 
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subjects.  Not only did the patients with knee OA walk slower, but they also had a 6° reduced 
peak knee motion, a reduced knee extension moment, and tried to reduce their knee joint loading 
when compared to the healthy subjects.  The differences in the patients with knee OA and those 
without could be due to the patient changing their gait in the attempt to reduce their pain.  
Assessing all of the changes to gait in people with knee OA can help to identify effective clinical 
practices to prevent and aid in the pain management of the disease.  
  A study conducted by Landry et al 25, also examined the effects of mild-to-moderate knee 
OA on gait compared to healthy individuals.  It was found that the individuals with OA walked 
slower than the control group at both a self-selected speed and during a fast walk.  The 
biomechanical differences that were observed between the control and OA group were not 
increased with an increased walking speed.  The changes in the knee joint kinematics may be a 
result of the pathomechanics of OA.  Another important finding in a study done by Astephen et 
alError! Reference source not found., was that slower walking speeds are easily seen when comparing 
individuals with moderate OA to people with severe OA.  The effects of mechanical loading on 
the articular cartilage of the joint can be found when evaluating the difference in kinetics 
between the moderate OA group and the asymptomatic group.  The increased mechanical load in 
the joint with slower walking suggests that clinical intervention in the kinetics of walking should 
be addressed early on in the progression of the disease. 
  Astephen et al.Error! Reference source not found. reported that the kinetic changes at the knee are 
found to occur between the asymptomatic group and the group with moderate OA.  According to 
the data, the researchers found the walking speed of the asymptomatic group was around 1.36 
m/s, the moderate OA group was around 1.25 m/s, and the severe OA group was around 0.92 
m/s.  Not only did walking speed diminish with the increasing severity of OA, but the stride 
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length was also shorter as severity of OA increased, and the time in the stance phase increased 
with increasing severity of OA.Error! Reference source not found. The slower walking speed of those with 
severe OA is due to the amount of load that that the joint can take and the individual 
subconsciously trying to decrease the load and pain felt at the joint.   
  Purser et al36, looked to determine if slower walking speeds was associated with 
increased risk of OA.  They were able to collect baseline data from 1,858 individuals age 45+ in 
the form of questionnaires and clinical examinations.  These measures were then used during 
follow up testing.  The subjects were divided into three cohorts, one without radiographic OA at 
baseline, one with our symptomatic OA at baseline, and without radiographic or symptomatic 
OA at baseline.  The subjects were then timed while walking 8 feet for two trials and the the two 
times were averaged.  It was found that there was an inverse relationship between faster walking 
speed and knee OA.  Therefore, slower walking speed is associated with higher incidence of 
knee radiographic OA.  It has been documented that there is increased joint loading during faster 
walking, which a healthy joint is able to handle but one with cartilage damage may not be able to 
withstand, thus resulting in slower walking speeds to decrease the load at the joint.  In other 
studies it has been suggested that faster walking speeds can alter the overall biomechanics and 
neuromuscular control of gait at the knee.  
Changes to Gait due to OA 
 
  In a study preformed by Radin et al,37 the hypothesis that neuromuscular control of limb 
motions plays an important role in joint health was tested.  Subjects who were presumed to be 
pre-osteoarthritic were compared with people of the same age that were asymptomatic in their 
natural walking state and heel strike.  The gait of the subjects was analyzed using force plates, a 
Vicon camera system, surface EMG electrodes, and uniaxial accelerometers.  It was found that 
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the knee pain group did not walk at a significantly slower speed than the normal group. The knee 
pain group had lower maximum knee flexion angle during the stance phase and less quadriceps 
action.  The lower knee flexion and less quadriceps activation show that the knee pain group was 
absorbing shock less effectively and putting more load on their joint during heel strike into the 
stance phase of the walking cycle.  This micro-incoordination of the knee neuromuscular control 
is referred to as microklutziness and is related to the process and progression of OA.   The 
reduced firing of the quadriceps muscle that was found and also the hyperextension of the knee 
are both abnormal gait patterns for people with knee pain.   
  Andriacchi et al Error! Reference source not found., also investigated the gait patterns of 22 
healthy subjects, 11 subjects with knee pathologies.  The step length, cadence, force throughout 
gait cycle, and swing and stance phase characteristics were the main things that were looked at 
for the different gait patterns.  It was observed that with an increase in walking speed there was a 
decrease in the time spent in the swing and stance phases.  When comparing the subjects with 
knee pathologies to the healthy subjects the subjects with knee pathologies had shorter step-
lengths and a higher cadence.  Other biomechanical changes observed in other studies were 
decreased maximum knee flexion during gait and increased knee extension during the peak varus 
moment in individuals with OA.21 Patients with OA also have a larger adduction magnitude 
during mid-late stance phase.  It was also observed that OA patients were less likely to externally 
rotate their tibia during early stance phase.  Lastly, it was seen that these biomechanical changes 
were not amplified when individuals with OA walked at faster speeds.25     
Walking Speed in Clinical Settings 
 
  Walking speed can have many health implications attached to it.  Walking speed is 
something that is easy to collect but is not something that has been looked at in an acute care 
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setting until a study done by Braden et alError! Reference source not found., looked at 46 patients that 
entered the acute care physical therapy clinic at a hospital.  The patients had to be able to walk at 
least 20 feet on their own and over the age of 60 to be observed for this study.  The physical 
therapists took the walking speed data for their patients and then filled out a questionnaire about 
how feasible they thought measuring walking speed was and how informative they found it.  The 
physical therapists took an initial walking speed and then a final walking speed during their last 
session before discharge.  The data showed that there was an improvement in the patients’ 
walking speeds from the beginning of therapy to the end of therapy.  The therapists also agreed 
that walking speed was not a hard test to administer to their patients and that there was valuable 
information that can be obtained from walking speed.  Walking speed can give information on 
the health status of the patient and when they are ready for discharge.  This was a small sample 
of patients but seeing that there is an improvement in walking speed during acute care can lead to 
looking at the implications of walking speed in inpatient rehabilitation facilities where the stay of 
the patient is longer.  
  A study preformed by Stephens-Lapsley et al41, looked at the effects of a multi-
component in-home physical therapy intervention program on the functional mobility of older 
adults following acute hospital care.  Patients were all over the age of 65 and were only included 
in the study if they were unable to leave home without physical assistance.  The intervention 
group received a higher intensity therapy session than the control group that got the normal care 
of the physical therapy clinic.  The progressive multi-component intervention group worked on 
active daily living tasks, walking tasks, and strength tasks.  It was seen that both of the groups 
had improvement in gait speed after the normal 30 days of care, but the intervention group 
continued to have improvement in their walking speed 60 days after release from the hospital.  
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Walking speed as a functional test can be used in physical therapy settings and is improved after 
a higher intensity physical therapy program in older adults.       
  Walking speed is an easy measurable test that can be used in a hospital, an acute care 
facility, a physical therapy clinic, and other rehabilitation centers.  Walking speed is indicative of 
present and future health status.  Individuals with ACLR are at higher risk of developing post-
traumatic knee OA.  Evidence suggests that individuals with knee OA walk at slower speeds than 
those without in order to reduce the pain that they experience during gait.21 Walking speed has 
also been found to predict the incidence of knee OA earlier than other markers.45  Many studies 
have found the altered gait patterns in individuals with an ACLR and/or knee OA.  There is not a 
study that has looked at the change in walking speed of individuals with an ACLR to evaluate 
their risk of developing OA post reconstruction.  It has been found in a study under review that 
individuals with an ACLR that walked slower had higher concentrations of collagen type-II 
cleavage.  The higher concentration of collagen type-II cleavage suggests that a slower walking 
speed may have a link to greater collagen breakdown post ACLR.  Although this does not prove 
that walking speed can predict the formation of OA, it is something that can be further 
investigated.  It is also known that individuals with an ACLR walk with altered biomechanical 
gait and loading patterns.  The loading patterns of the knee joint during gait have a large 
influence on cartilage break down.  Post-traumatic groups tend to alter the loading on their joint 
at different phases of gait, which can increase the compressive forces and alter the overall 
cartilage in the knee.35 The walking speed in post-traumatic groups should be looked at to see 
where they are placing majority of their load during gait.  The walking speed then provides 
information on how the cartilage is being affected and can be indicative of the onset of OA.       
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CHAPTER 3: METHODS 
 
Study design  
 
For the primary aim of the study a case-control study design with 21 participants who have 
undergone an ACL reconstruction 12 months prior to data collection and 24 healthy control 
subjects with no history of knee injury or impairment.  For the secondary aim of the study a 
cross-sectional observational study was used to assess the relationship between walking speed 
and self-reported function in the ACL reconstructed subjects.   
 
Participants 
 
We recruited individuals with a primary unilateral ACLR, and healthy individuals without 
history of knee injury or impairment between the ages of 16-35.   All of the ACLR participants 
had undergone reconstruction a minimum of 12 months prior to data collection and had 
physician approval to return to participation in physical activity.  We excluded ACLR 
participants if they had a diagnosis of inflammatory arthritis or had a previous diagnosis of any 
diseases that affect the knee joint.  The healthy control participants had to be physically active 
for at least 20 minutes, 3 times per week.  We excluded healthy control and ACLR participants if 
they had a history of lower extremity surgery, ligamentous knee injury, chronic ankle instability, 
or had a concussion or head injury within the past 6 months.   
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Procedures 
 
The current study was part of a larger ongoing project assessing three-dimensional 
biomechanical outcomes following ACLR and in healthy control individuals.  Demographics, 
including height, weight, date of birth, age, and gender were all collected form the subject prior 
to ACLR.  All participants were asked to self-report age, and sex, while height and weight were 
measured in the laboratory prior to testing.  ACLR individuals completed the International Knee 
Documentation Committee Subjective Knee Evaluation Form (IKDC) and the Tegner 
Questionnaire.  Written informed consent was obtained from all participants before data 
collection, and the university’s Institutional Review Board approved the study methods and 
recruitment procedures.
Walking Speed Analysis  
 
All participants were fitted with 25 retroreflective markers (bilateral acromioclavicular joints, 
sternum, anterior superior iliac spines, posterior superior iliac spines, L4-L5 joint, coccyx, 
greater trochanters, anterior thighs, medial and lateral femoral epicondyles, anterior shanks, 
medial and lateral malleoli, top of 1st metacarpals, top of 5th metacarpals, and the calcaneus of 
both feet).  Marker positions were sampled at 120 Hz using a 7-camera three-dimensional motion 
capture system (Vicon Nexus) and post-processed with Vicon Nexus v1.4.1 motion capture 
software (Vicon Motion Systems).  The motion capture collection area included a six-meter 
walkway with three embedded force plates (40x60cm, FP406010, Bertec Corporation, 
Columbus, Ohio, United States) that were placed in a staggered formation so that the both the 
right and left limbs could strike a single plate during one trial.  Participants wore tight fitting 
spandex shorts and shirts supplied by the laboratory and performed all gait analysis trials 
barefoot.  Prior to conducting walking gait assessments, a static trial was performed for later use 
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in the modeling of skeletal segments.  Participants performed five practice-walking trials where 
they were instructed to walk at their normal self-selected speed.  These trials were used to ensure 
that the participants could accurately strike the force plates with out altering their gait and to 
obtain an average speed for each participant.  The walking speed of the gait trails was assessed 
using two sets of infrared timing gates (TF100, Trac Tronix, Lenexa, Kansas, United States). 
During data collection the participants were required to walk at a speed +/- 5% of the average of 
the five practices.  The participants performed five acceptable gait trials that required 1) both the 
right and left foot striking and toeing off of a single force plate, and 2) maintaining a consistent 
gait speed within the range of the average speed found from the practice trials.  Trajectories from 
the anterior superior iliac spine and sacral cluster markers were low pass filtered at 10 Hz (4th 
order recurrent Butterworth) and used to estimate the center of mass of the participant. For the 
purpose of more accurately calculating gait speed for data analysis, we located the point of initial 
ground contact for the first foot striking the force plate during each gait trial and measured the 
velocity of the center of mass during a one-meter distance that began 0.5 meters prior to and 
ended 0.5 meters after initial ground contact.  This same procedure was used to measure a two-
meter distance walking speed that began 1 meter prior to initial ground contact and ended 1 
meter after contact.  Both values were used to check for consistency in walking speed. 
 
Statistical Analysis 
  
The primary aim of our study was to assess if walking speed was different between the two 
cohorts (ACLR and the healthy control) using independent sample t-tests for both 1 and 2-meter 
distances. We also used independent t-tests to determine if demographics were different between 
groups.  If differences in the demographics were found between groups, we used an ANCOVA 
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to determine if a difference in walking speed exists between the ACLR and healthy control group 
while taking into account the variance in demographic differences.  For our secondary aim, we 
used a Pearson’s correlation coefficient to assess the linear relationship between self-reported 
function and walking speed.  A partial correlation was run for the demographics that were 
statistically significant.  If one of our outcomes’ measures was non-normally distributed, we 
planned to use a Spearman (ρ) rank order correlation. The level of significance was set a priori at 
P ≤ 0.05 for all analyses, which were performed using the Statistical Package for the Social 
Sciences software (SPSS, Version 19.0, IBM Corp., Somers, NY). 
 
 
 
 
 
 
 
  
	  21 
CHAPTER 4: RESULTS 
The groups did not differ in age, distribution of sex, height, or weight (Table 1).  The 
ACLR group (22.4± 4.5 years) was older than the control group (20.3± 1.6 years; t43= 2.07, 
P=0.044) and had higher Tegner scores (7.4±2.1 vs. 4.2±1.2; t38= 6.152, p<0.001).  While not 
statistically different, the ACLR group weighed more than the control group (75.1± 14.1 kg vs. 
67.5± 11.8 kg; t43= 1.96, P=0.056).  The ACLR group had 21 participants with walking speed 
data but Tegner and IKDC scores were only collected for 19 of those participants.  The control 
group had 24 participants with walking speeds but only 21 with reported Tegner and IKDC 
scores.   
  We found no difference between the groups for walking speed over a 1 (t43 = -0.347, P= 
0.73) and 2-meter (t43=-0.233, P=0.816) collection distance (Table 1).  After correcting for the 
significant covariates (i.e. Tegner Scores and age) there was no difference found between the two 
groups in walking speed over 1 (F3,39= 0.356 P=0.785) and 2 meters (F3,39= 0.228 P=0.876) 
(Figure 1).   
  There was no association between walking speed and IKDC scores in the ACLR group 
for both 1 (r=0.182, P=0.456) and 2 meter (r=0.186, P=0.445) distances (Figure 1 and 2).  There 
also was no correlation found between walking speed and IKDC scores when controlling for 
height (r16=0.182, P= 0.47; r16=0.189, P=0.454), age (r16= 0.190, P=0.451, r16=0.2, P=0.427), and 
both height and age (r15=0.19, P=0.465; r15=0.199, P=0.444). 
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Table 1: Means and Standard Deviations For Demographics and Main Outcome Measures 
 ACLR Healthy Controls 
Number of Subjects 21 24 
Age (years)* 22.4 ± 4.5 20.3 ± 1.6 
Males/Females 9 Males/ 12 Females 8 Males/ 16 Females 
Height (m) 1.7 ± 0.1 1.7 ± 0.1 
Weight (kg) 75.1 ± 14.1 67.5 ± 11.8 
Tegner Score* 7.4 ± 2.1 4.2 ± 1.1 
History of a Concomitant 
Meniscal Surgery During 
ACLR 
13 Yes 
7 No 
1 Unknown 
 
Months Post ACLR 12.3 ± 0.7  
Walking speed over 1 m (m/s) 1.25 ± 0.12 1.26 ± 0.16 
Walking speed over 2 m (m/s) 1.24 ± 0.13 1.25 ± 0.16 
* P < 0.05 = difference between groups, ACLR- Anterior Cruciate Ligament Reconstruction  
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Comparison of average walking speeds between the ACLR 
and Control group 
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Figure 2. Association between 1-meter walking speed and IKDC 
scores in the ACLR participants.   
ACLR- Anterior Cruciate Ligament Reconstruction, IKDC- 
International Knee Documentation Committee Subjective Knee 
Evaluation Form 
Figure 3. Association between 2-meter walking speed and IKDC 
scores in the ACLR participants.   
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CHAPTER 5: DISCUSSION 
The primary aim of the study found that there was no significant difference between the 
ACLR and healthy group in walking speed at 12 months post-ACLR.  The current data suggests 
that 12 months post-reconstruction may be too early to see changes in walking speed in an 
ACLR population.  In a previous study,4 elderly adults in inpatient rehabilitation demonstrated 
the ability to increase their walking speed over the course of their acute bout of physical therapy.  
If a significant change in walking speed was demonstrated after an acute bout of physical 
therapy, we can expect that after 6 months of physical therapy that an individual with an ACLR 
would be able to increase their walking speed.  A previous study47 has shown that most 
biomechanical deficits that are associated with an ACL injury are considered reversible with an 
anatomical ACLR and neuromuscular training.       
ACL injury is common in young, active adults who are normally healthier than the 
general population.7 All of the ACLR individuals in the current study were young adults with a 
range of physical activity levels that they were participating in at the time of assessment.  The 
ACLR group reported a higher activity level than the healthy control group.  The cause of the 
ACLR group reporting a higher activity level can be due to the fact that the participants had to be 
cleared for unrestricted physical activity. Individuals with an ACLR that had not been cleared to 
return to play were excluded.  Therefore, ACLR individuals that may have demonstrated the 
most disability were excluded from the current study. The current dataset may not be a full 
representation of the overall population of individuals.  After running an ANCOVA to account 
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for the variance related to the difference in Tegner score and age between the ACLR and healthy 
control group, no significant difference was demonstrated between groups for walking speed.   
Many previously conducted studies9, 18, 20 have evaluated the gait biomechanics of ACLR 
individuals but no one has evaluated the relationship between walking speed and self-reported 
function.   
There was no significant association between IKDC scores and walking speed in this 
ACLR cohort.  A lower IKDC score indicates more disability, meaning that ACLR individuals 
with a lower IKDC score are self-reporting more disability.  Although there were no associations 
found between IKDC and walking speed in the ACLR group 12 months post-reconstruction, 
there could be an association between these two outcomes at a later time point following ACLR.  
A recent systematic review estimated that around one-third of individuals with an ACLR develop 
PTOA within the first decade following injury.28  It is possible that associations between gait 
speed and self-reported function may be apparent closer to PTOA onset or after PTOA has 
already developed. Following an ACLR, there have been associations found with changes in the 
structure, tissue metabolism, and biomechanics of the knee.7  A recent study found that there was 
an association between increased type II collagen metabolism and a slower habitual walking 
speed post ACLR.35  While the results of this study do not directly link walking speed with the 
development of PTOA, it is known that collagen breakdown can lead to the deterioration of the 
cartilage matrix.35  In the aforementioned study32, participants reported a higher IKDC score 
(85%) compared to our current study (82%) and no association was found between IKDC score 
and walking speed in either study.35   
The lack of a strong correlation between IKDC scores and walking speed in the present 
study could be due to the fact that individuals with an ACLR have reached their highest post-
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injury level of function at one year post-reconstruction.  In a previous study23 it was found that 
individuals with an ACLR returned to their pre-injury activity level 3 years after reconstruction.  
This study23 found that Tegner scores decreased from a score of 7 at 3-year post reconstruction 
follow-up exams to a score of 4 at 15-year post reconstruction follow-up exams.  This shows that 
the participants in the current study may have reached their highest level of activity or are still 
trying to get to their highest level of activity 12 months after ACLR.  The IKDC Subjective Knee 
Evaluation measurement tool provides a general measure of participant functioning and does not 
specifically focus on an individual’s walking ability.  The main points of the IKDC have to do 
with the pain, swelling, and giving way that the individual experiences along with the highest 
level of activity that they think they can preform.  There is not a question that pertains to the 
individual’s ability to walk about during their daily life.  Without questions pertaining 
specifically to habitual walking it may be more difficult to determine an association between the 
IKDC score and an individual’s walking speed.  A previous study13 has found an association 
between those that report higher knee functioning on the Global Rating Scale (GRS) and 
increased limb contact forces during gait on the ACLR knee.  It has also been demonstrated that 
the self-reported function on the Knee Outcome Survey and Actives of Daily Living Scale 
(KOS-ADLS) of individuals with an ACLR is related to their knee flexion angles during gait.27 
Further research should evaluate the association between walking speed and disability using 
other self-reported knee function questionnaires.           
 There may be other self-reported and physiologic outcome measures besides disability or 
function that may be associated with walking speed.  A previous longitudinal study of 3,500+ 
elderly adults found that individuals with lower knee confidence demonstrated more depressive 
symptoms, increased BMI, and increased joint space narrowing.39 Individuals with ACLR that 
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have a lower self-reported function could be reporting this due to the lack of confidence that they 
have in their everyday ability to preform normal tasks.  This lack of confidence in physical 
function as it relates to the knee has been found to be troubling to 54% of people with or at high 
risk of knee OA.8  Having a lack of confidence in one’s ability to do normal tasks with their knee 
can contribute to a slower habitual walking speed.39  Walking speed has been referred to as “the 
6th vital sign.” 10,32 Walking speed is able to predict present and future health status in many 
different populations.10,32 Slower walking speed is associated with poor results on psychomotor 
tests and verbal fluency tests. 40 Walking speed has also been found to be a predictor of physical 
function and quality of life in older adults.18  Walking speed has been found to only decline at a 
rate of 1-2% per decade before the age of 62; after the age of 62 there is a sharp decline in 
walking speed.19   
In previous studies it has been found that patients with knee OA walked significantly 
slower than the healthy control group.21  Since ACLR individuals are at great risk of OA 
development, future research should try to find a time point when walking speed in the ACLR 
population begins to decline, as utilizing clinical measures may be needed can be in an attempt to 
increase walking speed, and potentially help to delay the development of OA.  ACLR individuals 
that are already walking at a slower speed than the healthy population may be at greater risk to 
develop OA sooner in life than ACLR individuals that have walking speeds closer to that of the 
healthy controls.  Unfortunately we do not have a cutoff score that indicates when an ACLR 
individual’s walking speed is decreasing to the point that enters them into the category of pre-
OA.  Further research should be conducted to discover at what time point walking speed starts to 
decline and what the cutoff is for walking speed and an ACLR individual becoming pre-OA.   
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Not only do individuals that have knee OA walk slower than the healthy population, 
individuals with severe OA also have slower walking speeds than individuals with moderate 
knee OA.25  A link between severity of OA and the pain felt while doing activities of daily living  
(ADL) has been reported, as the more severe the OA the more pain and individual felt while 
doing ADLs.13  These findings show the ability of walking speed to predict the severity of OA in 
different individuals.25 Since walking speed is able to predict the severity of OA and presence of 
OA in individuals, it is important to know the walking speed of ACLR individuals.  The ACLR 
population is at a higher risk of developing knee OA compared to the healthy population.25 We 
may not be able to predict disability in ACLR individuals using their walking speed, but we may 
be able to predict OA development in the ACLR population before they have changes in their 
self-reported function.  In an aforementioned study,35 it was found that slower habitual walking 
speed in individuals with ACLR is associated with higher levels of C2C concentration in the 
knee, indicating increased type II collagen breakdown.35 Individuals with an ACLR, a slower 
habitual walking speed, and greater knee tissue damage should be monitored by clinicians to 
look for an even greater decline in walking speed over time.    
Previous studies show that walking speed is a clinical measure that can be monitored and 
can be used clinically while individuals are obtaining physical therapy.4 In this same study,4 
physical therapists reported that walking speed was not something that was hard to measure or 
took a lot of time to obtain.  If walking speed is able to predict present and future health status, 
then it is not something that should go unmonitored in individuals with and ACLR.  There is 
evidence that there is a metabolic decline in an ACLR knee before there is a decrease in 
function.35 Based on the data from the current study, one year post-reconstruction may be too 
early to look for a decline in self-reported function.  Although there is no decline in function or 
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walking speed at one year, there may be metabolic markers (i.e. C2C) that are associated with 
OA development.  Further research should be conducted at different time points post-ACLR 
comparing habitual walking speed in ACLR to healthy controls to identify a time point when a 
difference in walking speed is present.  The correlation between walking speed and IKDC scores 
should be analyzed at these later time points to see if there is also a decline in self-reported 
function.  The identification of a time point when there is a decline in self-reported function and 
walking speed could help in potentially identifying the development of OA in individuals with an 
ACLR. 
While the findings of the current study may inform future research and clinical practice, 
there are some limitations to this study.  Though previous studies10, 32, 40 show that walking speed 
is able to predict future and present health status, these studies evaluated outcomes at multiple 
time points.  We did not assess the IKDC scores or walking speed of the ACLR individuals 
before ACL injury or before ACLR.  With the IKDC scores we would be able to evaluate what 
their baseline measure of disability was before their injury.  We also did not obtain IKDC scores 
from the healthy control group.  Collecting IKDC scores would have provided the ability to 
determine if the ACLR group had more disability than the healthy control group.  Being able to 
compare the two groups average IKDC scores could show if there is a difference in disability in 
the ACLR group and healthy control group.  Furthermore, walking speed was obtained using the 
motion capture system, not a clinical test such as a 20 meter habitual and fast walk test.  Further 
research should utilize a clinical walking speed test to determine walking speed of ACLR 
individuals to see if it produces a stronger correlation.  Lastly, the current study was conducted 
on a relatively small cohort of participants for the ACLR (N=21) and the healthy group (N=24).  
Further research should look at collecting this information in a larger cohort size to fully 
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determine the effects of certain covariates (i.e. height, age, etc.) and demographics on the 
relationship between walking speed and self-reported function.         
 In conclusion, there was no difference found between the walking speed of the ACLR 
individuals and the healthy controls.  Additionally, individuals with an ACLR who walked 
slower did not have more disability at one year post-reconstruction.    Although there was no 
correlation between IKDC scores and walking speed in ACLR individuals, this population is 
already at greater risk of developing OA.28 Therefore, the ability to determine if there is a time 
point post-ACLR that an individual’s walking speed starts to decline may be helpful in 
determining ACLR individuals that are starting to develop OA.  Walking speed has been found 
in other studies to distinguish between the severity levels of individuals with OA.21, 25 The 
current study shows that 12 months post-reconstruction a decline in function and walking speed 
in individuals with an ACLR did not exist.  It is unknown if 12 months post-reconstruction is too 
soon to see a decline in function and walking speed.  Therefore, further research should be 
conducted to identify when a decline in walking speed and self-reported function occurs.  It is 
important to be able to develop clinical strategy for identifying ACLR who are at higher risk of 
developing greater disability and/or disease in the years following reconstruction. 
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